Spheroidal graphite cast iron GGG 40 was thermo-mechanically tested using thermo-mechanical simulator Gleeble-3500. Three deformation steps were successively applied on test-specimen at temperatures namely; 900˚C, 850˚C and 750˚C within the austenitic zone, at the same strain rate of 0.1 s −1
Introduction
Spheroidal graphite cast iron (SGCI) is an iron-carbon alloy, in which the structure is composed of graphite nodules embedded in a steel matrix [1] . It is characterized by mechanical properties, such as strength and ductility, which are equivalent to those of steel. In addition to its high cast-ability and with lower manufacturing cost compared to steel alloys, SGCI is widely used in automotive industry such as crankshafts and bearing journals, due to excellent wear resistance [2] [3] [4] [5] . Production of sheets of SGCI seems to be very interesting, due to the unique properties that SGCI exhibit, namely; low thermal expansion, damping characteristics and wear resistance. This will also allow massive con-tinuous processing of the material suitable for many constructional applications.
In spite of the high ductility of SGCI, the study of its workability to form sheets through rolling process is rare. Mrzygłód studied the effect of heat treatment parameters on the microstructure of SGCI containing Ni, Mo and Cu. He plotted the TTT and CCT diagrams of SGCI with carbon equivalent of 4.42 [6] . Nabil Fatahalla investigated the effect of varying carbon equivalent on the microstructure and mechanical properties of austenitic ductile iron. A slight decrease in the hardness and the tensile strength was observed, while the ductility increased with the increase of the carbon equivalent [7] . In the literature, the deformation behavior of spheroidal graphite cast iron was considered for a study by Zhao [8] experiments from bar to plate, and from bar to bar. They found that during the rolling of plate, the one pass compression ratio and the total compression ratio are up to 1.39 and 3.90, respectively. In the course of rolling of bar, the total section compression ratio is up to 4.47 [13] .
The current work presents some experimental results on thermo-mechanical testing of SGCI GGG 40 with Carbon Equivalence (CE) of 4.6, using thermo-mechanical simulator. Gleeble-3500 instrument was used, where successive compression at different temperatures was applied. This was to study the effect of deformation on phase transformation and graphite morphology during the deformation process. The data obtained from the dilation experiments would be useful for simulating the rolling process having successive stands.
Experimental Procedures
The chemical composition of SGCI grade GGG40 used in this work, is shown in Table 1 . The experiments were carried out on a computer servo-controlled Gleeble-3500 machine. In accordance to this instrument, cylindrical specimens of SGCI, with 10 mm in diameter and 120 mm in height, as shown in Figure 1 , were machined from 12 mm in diameter bar. Both ends of the specimen were screwed with M10 standard screw for 15.25 mm, for fixing in to threaded grips.
For measuring the temperature, K-type thermocouple wire, 2 mm in diameter, was spot-welded in the middle of the specimen in order to control its temperature. Controlled heating-cooling cycle was applied on the round bar specimen for dilatation purpose. Dilatations accompanying heating or cooling temperatures are recorded and graphically presented. Two types of experiments were applied on the mentioned SGCI. The first experiment was to indicate the austenite zone by the aid of dilation test. A specimen was heated to 900˚C with rate of 92.5˚C/min followed by holding for 25 seconds at the same temperature, afterward it was finally cooled with a rate of 82 ˚C/min. The second experiment involves three pass hot rolling process was physically simulated on the thermo-mechanical simulator (Gleeble 3500). It was conducted at 3 different deformation temperatures within the austenite zone, which are 900˚C, 850˚C and 750˚C, as shown in Figure 2 . First, the specimen was heated to the deformation temperature of 900˚C with a heating rate of 37˚C/sec then soaked for 15 seconds, afterward uni-axial compression of -0.25
true strain was applied with strain rate of 0.1 s −1
. After that the specimen was cooled to 850˚C and the second deformation step was involved where another compression of −0.25 true strain with the same strain rate was applied. Finally, the third deformation step was involved after cooling the specimen to 750˚C to apply the last compression with −0.2 true strain.
Results and Discussion

The Austenite Zone
The first experiment is useful for conducting the dilation test at temperatures and after cooling times within the austenite zone. The expansion and contraction in the specimen length (change in length)-temperature obtained from heating and cooling the specimen respectively is shown in Figure 3 . Upon heating the specimen to 900˚C, the length increases to record a change in length of 0.414 mm. While upon cooling the specimen, the length decreases again with slight inclination at 758˚C, indicating the start of ferrite phase transformation.
The start of ferrite phase transformation is indicated in the (change in lengthtemperature) curve, when the austenite phase (FCC structure) transform to ferrite phase (BCC structure) recording an increase in length as the FCC structure is more closed packed than the BCC structure. Thus, the ferrite transformation starts below 758˚C.
The experimental cooling curve is imposed on the TTT curve reported for a previous work on SGCI with CE = 4.27 [14] as shown in Figure 4 . This curve intersects the ferritic transformation C limit curve [14] at a temperature of 755˚C and a time of 96.5 seconds. Therefore, the TTT diagram of the previous work [14] would be considered for the present work.
Deformation Behavior
In Figure 5 , the cooling curve of the sample while subjected to successive compression is imposed on the C diagram. Successive deformation steps are at 3 different temperatures of 900˚C, 850˚C and 750˚C. As indicated in the figure all deformation steps have been accomplished with in the austenite zone.
The stress-strain curve of SGCI (CE = 4.6) with applied strain rate of 0.1 s −1 at the deformation temperatures used, is shown in Figure 6 . No macroscopic cracks were observed in the specimen after successive compression. As given in Table 2 , with decreasing the deformation temperature; young's modulus, yield ) and previous (10 s −1 ) work [11] : (a) at 900˚C-both 1 step deformation, (b) at 850˚C-present (2nd step), previous (1 step), (c) at 750˚C-present (3rd step), previous (1 step). strength and strain hardening exponent increases. The deformation of austenite phase at lower temperatures becomes harder as the energy required for the phase to deform decreases i.e. the energy required for atomic planes to slip and dislocations movement decreases.
Kai Qi [11] studied the hot deformation behavior of SGCI (CE = 4.8) at similar deformation temperatures: 900˚C, 850˚C and 750˚C. Specimens of 8 mm in diameter and 15 mm in height were heated to the stated deformation temperatures, soaked for 180 seconds and followed by single deformation at high constant strain rate of 10 s −1 using Gleeble-1500 simulator. 
Microstructure Observation
The microstructure after applying the three successive deformations at 900˚C, 850˚C and 750˚C successively followed by quenching, is observed in the middle of the deformation zone. This is compared to the microstructure of a part in the specimen far from deformation zone within the treated region, Figure 8 . While the other carbon that didn't have enough energy to diffuse to the graphite nodules resulted in pearlite formation (cementite and eutectoid ferrite).
After the three successive deformation, Figure 9 (b) shows much finer elongated structure composed of fine ferrite surrounding elongated graphite, while the pearlite phase represents the matrix. Thus, the influence of deformation is such that it results in refining and elongation of formed phases and graphite nodule. As observed in Figure 9 (b), the ferrite grains, which became fine and elongated, increased in number. The elongated graphite after deformation has been also reported in a previous work [11] .
Conclusions
• SGCI was successively deformed, in three deformation temperature steps at elevated temperatures in austenitic zone namely; 900˚C, 850˚C and 750˚C, up to 50% deformation with no macro or micro cracks observed.
• Each deformation temperature step resulted in an increase in stress and strain hardening values compared to the preceding deformation temperature.
• Microstructure observation of successively deformed SGCI at the stated temperatures revealed the formation of a finer elongated structure of ferrite and pearlite, as well as elongated graphite.
